Abstract. The spatially modulated illumination ͑SMI͒ microscope is a wide-field fluorescence microscope featuring axially structured illumination, through which access to information about subresolution object structures is obtained. We present a simplified setup where the interference pattern is generated by reflecting the laser beam with a mirror. We characterize our setup by presenting measurements on fluorescent microspheres with diameters ranging from 44 to 200 nm. The results agree well with the sizes provided by the manufacturer. Furthermore, the spheres are analyzed with 458-, 514-, 488-, and 568-nm excitation wavelengths, giving good agreement of the sizes determined at the respective wavelengths. A measurement of the same objects using different excitation wavelengths leads to a size difference of a few nanometers only. The potential of SMI microscopy for the fast analysis of many fluorescent objects is also addressed. In addition, the applicability to biological specimens is shown on fluorescently labeled, specific chromatin domains. The results obtained using the presented mirror geometry agree well with data obtained using a standard SMI microscope setup.
Introduction
Far-field light microscopy is a widely used tool for imaging and analysis of cellular structures in biology and medicine. Currently, wide-field fluorescence and confocal laser scanning microscopes are well established and commercial systems are broadly available. Nevertheless, these microscopes are subject to the classical resolution limit. 1 For high numerical aperture lenses, this means an optical resolution limit of about 200 nm laterally and 600 nm in the direction of the optical axis. New methods have been developed recently to shift or circumvent the resolution limit. These techniques use focused laser light like 4Pi- 2, 3 and stimulated emission depletion ͑STED͒ microscopy, 4, 5 or utilize nonfocused structured illumination, which is created by incoherent light, [6] [7] [8] coherent light, [9] [10] [11] [12] [13] [14] or use nonlinear effects like saturation. 15, 16 Most of these methods suffer from certain constraints, at least in practice, regarding the geometry and the optical properties of the samples, or rely on the use of special dyes, especially in nonlinear microscopy. It is, however, desirable to be able to take advantage of the variety of fluorescent dyes available and labeling techniques that are routinely used for confocal laser scanning microscopy. The optimal approach would certainly be an increase in the optical resolution, but for many biological problems it is sufficient to precisely determine the positions, distances, and sizes of individual fluorescently labeled objects. For this class of problems, spatially modulated illumination ͑SMI͒ microscopy is well suited. Although the optical resolution in its classical sense is not increased, a very accurate size determination of cellular and cell nuclear structures down to the level of macromolecular complexes is feasible using SMI far-field fluorescence light microscopy. [17] [18] [19] Up to this point, a SMI microscope arrangement using two opposing high numerical aperture objective lenses was used. In this work, we present a new, simplified SMI microscope setup with only one objective lens and a mirror, which reflects the light and thus creates the structured illumination. We characterize the new setup presenting results of size determination of fluorescent microspheres of different diameters and using different excitation wavelengths.
Additionally, the applicability to biological questions has been addressed, as well as a comparison of the results of the setup featuring two objectives.
Experimental Layout 2.1 Spatially Modulated Illumination Microscope
Setup Spatially modulated illumination microscopy is a combination of wide-field fluorescence detection with structured illumination. The principle of the setup with two objectives has been described in detail elsewhere. 13, 14, 20 The structured illumination was achieved by interference of collimated laser beams between two objective lenses. Here we used a simplified setup of the SMI microscope, where only one objective lens is needed, similar to the setup used by Bailey et al. 9 A schematic of the experimental setup is shown in Fig.  1 . For the experiments, two different laser wavelength combinations were used. First, the light of a multiline argon ion laser ͑Innova 310, Coherent Incorporated, Santa Clara, California͒ was spectrally split up via a prism and lines at 458 and 514 nm were selected. Both lines were recombined by a beam combiner ͑AHF Analysentechnik AG, Tübingen, Germany͒. Second, an argon laser running at 488 nm and a krypton laser at 568 nm were used ͑Lexel 95-4 and Lexel 95-K, Cambridge Lasers Laboratories, Fremont, California͒, which were also combined by the appropriate beam combiner from AHF Analysentechnik. Using an electronic shutter system, each wavelength could be switched independently. The laser beam diameter was increased to approximately 20 mm by a two-lens collimator ͑lenses from Linos Photonics GmbH, Göttingen, Germany͒.
Two different types of oil immersion objective lenses were used: a plan APO-chromatic, 63ϫ high quality objective with a numerical aperture ͑NA͒ of 1.4 ͑Leica, Bensheim, Germany͒ further referred to as "Leica objective," and a standard 100ϫ DIN objective lens ͑Euromex Microscopen BV, Arnhem, The Netherlands͒ with a NA of 1.25, referred to as "DIN objective." The light is focused into the back focal plane of the respective objective by an achromatic lens ͑PAC364, Newport, Darmstadt, Germany͒ of focal length f =60 mm ͑for the Leica objective͒ or f =80 mm ͑for the DIN objective͒, which results in a collimated beam in object space.
The collimated beam was reflected by an enhanced aluminum coated mirror ͑Linos Photonics GmbH, Göttingen, Germany; diameter 10 mm͒ to create the interference pattern. Immersion oil ͑refractive index n = 1.52, Zeiss, Oberkochen, Germany͒ was used between the objective lens, the mirror, and the object slide with the specimens to match the refractive index and to reduce disturbing reflections. The constructive interference is characterized by a cos 2 -shape of the intensity along the optical axis. The laser power used for the experiments was about 20 mW for the 458-nm line, 100 mW for the 488-nm excitation, and 150 mW for the 514-and 568-nm wavelengths. The power was measured in front of the focusing lens.
Fluorescence was collected by the same objective lens. After propagation through a dichroic beamsplitter ͑AHF Analysentechnik AG, Tübingen, Germany͒, a blocking filter suppresses residual, reflected laser light. The fluorescence signal was then imaged via a tube lens ͑focal length f = 160 mm, Leica, Bensheim, Germany͒ on a highly sensitive, cooled black and white charge-coupled device ͑CCD͒ camera ͑Imager3, LaVision, Göttingen, Germany, or Sensicam, PCO, Kelheim, Germany͒.
For acquisition, the specimens were scanned along the optical axis by a precision piezoelectric-driven actuator ͑P-915.723, Physik Instrumente, Waldbronn, Germany͒ in steps of 40 nm. The acquisition time for each 2-D image slice was 0.3 to 1.0 s, which means that recording of a typical 3-D data stack consisting of 80 to 100 image slices around the fluorescence signal took 24 to 100 s for a maximum field of view of 108ϫ 87 m ͑Leica objective͒.
Data Analysis
The principles of SMI data analysis have been described in detail previously. 21, 22 In the following, these principles are briefly summarized. Only the axial direction is considered, as the standing wave field is aligned in this direction, and no modulation is present in the lateral direction.
The SMI point spread function ͑PSF͒ is characterized by a modulation in the direction of the optical axis generated by the interferometric illumination. The envelope of the PSF can be calculated from the numerical aperture of the objective lens, the laser excitation wavelength, and the refractive index in object space. When moving an extended, fluorescent object in an axial direction through the focus, the recorded intensity signal ͓called the axial intensity distribution ͑AID͔͒ differs from the ideal PSF in a manner that depends on the extension of the recorded object. The AID can be calculated by a convolution of the PSF and the dye distribution of the object. In Fig. 2 , a theoretical AID calculated for a fluorescent microsphere with 100 nm diam is displayed. Object structures with high spatial frequencies in the axial direction are aliased by the illumination structure into the lens passband, making this structure information accessible. The modulation ratio R, i.e., the amplitude of the inner envelope divided by the amplitude of the outer envelope, is a measure for these high spatial frequencies present in the object not accessible to standard wide-field microscopy. If, a priori, the shape of the fluorescent structures to be measured is known or a reasonable assumption about the fluorescent dye distribution can be made, and the objects are known to be smaller than the conventional optical resolution, an object size can be calculated from the modulation ratio R measured. The objects to be analyzed also have to be separated by a minimal distance larger than the conventional optical resolution ͑optical isolation͒. For further details on the SMI nanosizing theory, see Refs.
21-23.
To extract the modulation ratio R, a line profile is taken through the images along the optical axis with both averaging over a lateral 3 ϫ 3 pixel region of interest ͑Ϸ300 ϫ 300 nm 2 ͒ and background subtraction being performed. This AID is taken for further analysis, through which R is extracted using a fit. Once extracted, the size is calculated from the modulation ratio R using the theoretical calibration curves that were obtained under the assumption of a homogeneously stained sphere.
Results

Comparison of Two Different Objective Lenses
According to the SMI nanosizing theory, the measured size of the object does not show a significant dependence on the width ͑of the envelope͒ of the PSF. For this reason, two different objective lenses with different ͑effective͒ numerical apertures ͑NA͒ were compared. The first one was the DIN objective with a nominal NA= 1.25, which also demonstrates a very cost effective possibility ͑priceϷ 100 Euros͒. For comparative analysis the Leica objective lens ͑Ϸ5000 Euros͒ was used.
To obtain some detailed characteristics of the SMI nanosizing, different fluorescent microspheres ͑beads͒ with diameters from 44 to 200 nm were analyzed. A solution of green fluorescent microspheres ͑Duke Scientific Corporation, Palo Alto, California, excitation maximum 468 nm, emission maximum 508 nm͒ of equal sizes was prepared on a conventional coverslip ͑thickness 170 nm͒, mounted in embedding medium ͑Vectashield, Vector Laboratories, Burlingame, California, refractive index n = 1.440͒, and fixed on a standard object slide. For each size, the respective object slide was placed in the microscope setup and a 3-D data stack was recorded, as described before, with the 458-nm excitation wavelength. Figure 3 illustrates the measured AIDs of the two objective lenses for different bead sizes. The smaller the size of the bead, the smaller becomes the modulation ratio R ͑Fig. 2͒. For diameters of 44 nm, no objects could be recorded with the DIN objective, because the acquired fluorescence signal was too weak. The signal obtained with the DIN objective lens showed a full width at half maximum ͑FWHM͒, which was about three times broader compared to the FWHM obtained using the Leica objective lens. Nevertheless, for the size measurements, no significant difference of the performance of the two objectives was found. Table 1 summarizes the results. The mean values of the measured sizes agree well with the nominal sizes as specified by the manufacturer for the measurements conducted with both objective lenses. Note that the beads have a distribution of sizes when delivered from the manufacturer. The specified tolerance is typically approximately 10%.
Comparison of Different Excitation
Wavelengths To compare the SMI nanosizing performance at different wavelengths, we recorded different 3-D data stacks of 63-and 100-nm red fluorescent microspheres ͑Duke Scientific Corporation, Palo Alto, California, excitation maximum 552 nm, emission maximum 612 nm͒ with the 458-, 514-, and the 568-nm laser wavelengths. Due to the fact that a different field of view was analyzed in the respective measurements, the mean values of the determined sizes have to be compared. The results are summarized in Table 2 . Again, the sizes measured for the three wavelengths agree well with the diameters provided by the manufacturer.
For a further evaluation of the accuracy of the size determination using different wavelengths, we recorded the same field of view twice, first with the 488-, and second with the 568-nm excitation wavelength. This experiment was carried out with TransFluroSpheres ͑T8876, Molecular Probes, diameter 110 nm, excitation maxima at 488 and 568 nm, emission maximum at 685 nm͒. The data stacks were evaluated for each color channel independently. Then, the measured size of each object with 488-nm excitation was subtracted from the size of the same object in the other color channel. The histogram of the size differences is shown in Fig. 4 . The mean value and standard deviation of the difference of the sizes was determined to be −4.6± 16.2 nm. This shows that a precise size determination of fluorescent objects is possible, even when different excitation wavelengths are used.
Comparison with the Standard Spatially
Modulated Illumination Microscope In principle, the SMI microscope using the mirror geometry should provide the same nanosizing potential as the conventional SMI microscope setup. Size measurements on beads show the same performance ͑data not shown͒. Nevertheless, the mirror setup suffers more from optical abberations induced by the specimen. To analyze this in more detail, the collimation lens that focuses the laser light into the back focal plane of the objective lens was intentionally axially displaced. When the focusing lens is displaced, the beam is no longer collimated. A cell in the beam path might have a similar influence on the illumination pattern, because it acts like a lens on the illumination light due to the refractive index mismatch between the embedding medium and the biological structures. The overall effect on the size measurement caused by axial displacement of the focusing lens is comparable to optical abberations induced by specimens that strongly absorb, diffract, or scatter the laser light, since reflecting it from the mirror and letting it interfere with the incoming beams leads at some areas to an imperfect illumination structure.
For the experiments, the same field of view of a bead sample of TransFluroSpheres with a nominal diameter of 110 nm was recorded with the mirror setup and with conventional SMI microscopy using a second objective lens. In Fig. 5 the histograms of sizes measured with the standard SMI microscope and the mirror setup are shown. The mean value and the standard deviation for the conventional setup are smaller than for the mirror setup, namely 124± 9 nm compared to 138± 24 nm. Both frequency distributions peak at about 125 nm. But the sizes of the conventional setup are distributed symmetrically around the mean value, whereas the histogram of the misaligned mirror setup shows approximately the same mean value but a broad distribution of sizes up to 220 nm. The reason for this is the bad collimation of the beam in the object space, which leads to a strongly aberrated illumination pattern across the field of view. Different intensities in the incident and reflected beam lead to imperfect interference, which in turn shifts the evaluated sizes toward larger diameters. The conventional setup seems to work perfectly under these conditions. But if the collimation is carefully adjusted, the difference between the mirror setup and the conventional setup becomes marginal ͑see Fig. 6 and the next section͒.
Potential of High Throughput Spatially
Modulated Illumination Microscopy To obtain statistically relevant quantities of data and to facilitate routine use, a high measurement throughput is advantageous. To demonstrate the speed of our microcopy technique, we recorded 12 different fields of view of a bead sample ͑TransFluroSpheres T8876, Molecular Probes, 110 nm diam͒. The recording time per field of view for a 3-D data stack consisting of 80 sections was about 20 s. In total, including the sample positioning between the objective lens and mirror, applying immersion oil, and searching the focal plane, 40 min were sufficient for the complete data acquisition at the microscope. The data analysis is fully automated and was done in about two hours. Merging the 12 fields of view recorded resulted in a total number of 8136 fluorescent objects. Thus, an average nanosizing rate of one object per second including evaluation is possible. The mean value of the measured sizes and the standard deviation was 127± 12 nm. Figure 6 shows a histogram of the measured sizes. The bias in the size measurement is due to imperfect interference. This can be corrected. 
Biological Specimens
The next step was to test the applicability of the mirror setup for a biological specimen. To this end, the nanostructure of specific chromatin regions fluorescently labeled by fluorescence in-situ hybridization ͑FISH͒ was analyzed using the Leica objective lens in the mirror setup, and then the results were compared to those obtained with a conventional SMI setup using two objective lenses.
The 7q22 chromatin domain in human osteosarcoma cells was targeted with a commercial FISH probe fluorescently labeled with dGreen ͑Qbiogene, Heidelberg, Germany, genomic length Ϸ100 kbp͒. The cells were grown on coverslips and FISH labeled following a standard protocol. Data recording and analysis was performed as described before, using the 458-nm excitation wavelength of the SMI microscope mirror setup and with 488-nm excitation at the Table 1 Mean values and standard deviations of the sizes of the microspheres as measured with the SMI microscope mirror setup. The experiments were carried out with the DIN and Leica objective and an excitation wavelength of ex = 458 nm. In the first column, the nominal sizes of the bead samples along with their deviations are given as specified by the manufacturer. The total number of objects analyzed is shown in the last column.
DIN objective
Nominal size ͑nm͒ SMI size ͑nm͒ ± Number of objects Table 2 Mean values and standard deviations of the sizes of the measured beads using the excitation wavelengths ex = 458 nm, ex = 514 nm, and ex = 568 nm. The nominal sizes and the tolerances of the microsphere sample as specified by the manufacturer are given in column one. Objective lens: Leica, 63ϫ, NA= 1. conventional SMI microscope. Figure 7 shows an example of such a cell and the fluorescence signals of the corresponding chromatin domains with their respective AIDs. On both microscope setups, the determined mean values for the sizes of 191 chromatin domains for 458-nm excitation and of 43 domains for the 488-nm excitation agree ͑t-test, 95% confidence interval for the difference of the mean values ͓−2 nm; 9 nm͔͒. This demonstrates that the mirror setup has, at least, the same performance and reliability for SMI nanosizing as the conventional setup. For a detailed description and the biological implications of this study, see Ref.
19.
Discussion
SMI microscopy is a novel approach to measure the axial size and position of "optically isolated" fluorescent objects far below the classical optical resolution limit. The data presented in this report show that SMI nanosizing also is possible using a setup in which the second objective lens is replaced with a mirror.
One of the main advantages of this simplified setup is the much easier alignment compared to the conventional one, because instead of overlaying two laser beams, only one beam has to be reflected onto itself. This significantly reduces the complexity. In the future, this setup might also be implemented as an extension to commercial microscope systems. In principle, only a high precision piezo scanning stage, the mirror, and a source of laser excitation have to be added to a standard wide-field fluorescence microscope. Nevertheless, a highly stabilized microscope stage and precise focusing of the laser beam would be necessary.
The good nanosizing performance of the SMI mirror setup using a low-cost objective lens may be interesting for a commercial use of such types of microscopes. But weakly fluorescent objects could only be measured with the Leica objective lens, as more light is detected by the higher ͑ef-fective͒ numerical aperture. This means that to achieve the highest possible signal-to-noise ratio and highest sensitivity, the use of expensive, highly corrected objective lenses cannot be circumvented. With the presented excitation wavelength combinations of 458/ 514 nm and 488/ 568 nm, many different types of dyes and fluorescent proteins, which are commonly used in cell biological laboratories, are excitable.
For transparent or very thin specimens with low absorption and scattering, the intensities of the interfering beams are very nearly equal. This is of outstanding importance, because the modulation of the axial intensity distribution and thus the measured size depends on equal intensities in both interferometer arms. 22 From general optical considerations, we expect that the application of the SMI mirror setup will be limited by the object thickness and its scattering, absorbtion, and refraction index properties. These thinness and transparency constraints are expected to be similar to those required for good quality confocal microscopy, and are likely to be significantly less stringent than what is required for other interferometric techniques like 4Pi 3 and I 5 M microscopy. 7 Compared to the conventional setup, the mirror setup is more sensitive to an exact alignment and the optical properties of the specimens, which causes slightly larger errors in the nanosizing. In both setups, no significant influence of tilting of the object slide or of astigmatism was observed, because the modulation depth as the only relevant parameter for size determination does not depend on the optical resolution or the width of the point spread function. However, a tilt of the stepping stage with respect to the standing wavefield will result in a change of the extracted modulation wavelength in the specimens when moving the object slide. Hence, the translation stages need to be carefully aligned. If only the object slide is tilted, the extracted extension of the fluorescent object is that along the standing wavefield.
Structured illumination by axial interference is easily achieved with the mirror setup. The conventional setup, however, offers much more flexibility allowing, for example, the use of combined axial and lateral illumination patterns or coherent detection through both objective lenses. Instead of scanning the specimens through the focus of the detection objective lens, another option would be to place the specimens in focus and move the mirror, i.e., the standing wavefield.
14 This might further simplify the measurement process.
SMI microscopy has, through its intrinsic parallelization, a significant advantage in speed compared to point scanning techniques such as confocal laser scanning, 4Pi, or STED microscopy. This could be especially helpful for a fast size determination of a great number of fluorescent objects.
The SMI mirror method will be particulary interesting for the quantitative analysis of the functional topology of the genome. 24, 25 For example, genetically active chromatin domains are regarded to be decondensed, i.e., taking up a larger enveloping volume in the cell nucleus, compared to their inactive state. 26, 27 The accessibility of these chromatin domains to macromolecular complexes, for instance those involved in the process of transcription, replication, and activation, might be regulated by specific chromatin folding states.
SMI nanosizing relies on prior assumptions on the object shape at least for objects Ͼ12 nm. 28 For the microsphere samples used here, the assumption of a spherical fluorescent dye distribution is obvious and led to a good agreement with the sizes provided by the manufacturer. For many macromolecular complexes in the cell, this spherical model can be considered a reasonable approximation.
In conclusion, the SMI microscope with only one objective lens exhibits an effective system in terms of costs as well as of complexity for the analysis of 3-D nanostructures.
